Abstract Anopheles stephensi is a mosquito of outstanding public health relevance, acting as a major vector of malaria in a number of tropical and subtropical areas worldwide. In recent years, important efforts have been conducted to propose nanoformulated larvicides as valuable alternatives to synthetic insecticides currently marketed. In the present study, the toxicity of flower-like copper sulfide (CuS) nanocrystals has been investigated on the malaria vector A. stephensi and Plasmodium parasites. Characterization of synthesized CuS nanocrystals was carried out using FTIR spectroscopy, XRD analysis, FESEM, HR-TEM and EDS. In mosquitocidal assays, LC 50 values ranged from 23.347 ppm (first-instar larvae) to 48.789 ppm (pupae). In vitro anti-plasmodial activity of CuS nanoflowers was evaluated against chloroquine-resistant (CQ-r) and CQ-sensitive (CQ-s) strains of Plasmodium falciparum. IC 50 were 83.44 lg/mL (CQ-s) and 87.15 lg/mL (CQ-r). However, in vivo antiplasmodial experiments conducted on Plasmodium berghei infecting albino mice showed limited activity of CuS nanocrystals, if compared to CQ. Overall, our findings showed that chemically synthesized flower-like CuS
Introduction
Mosquitoes (Diptera: Culicidae) represent a key threat for millions of humans and animals worldwide. Their medical and veterinary importance is mainly due to the fact that they act as vectors for a number of pathogens and parasites of public health relevance, including malaria, avian malaria, yellow fever, dengue, Japanese encephalitis, Zika virus, Rift Valley fever, Western equine encephalomyelitis, bancroftian and brugian filariae, canine heartworm disease (Dirofilaria immitis), and setariosis (Setaria spp.) [1, 2] .
Malaria is caused by Plasmodium parasites, mainly Plasmodium falciparum, P. vivax, P. ovale, and P. malariae. In addition, periodic reports highlighted the presence of simian malaria parasites found in humans, most of them implicating P. knowlesi. Plasmodium parasites are vectored to vertebrates through the bites of infected Anopheles mosquitoes, which bite mainly between dusk and dawn. Every year, an estimated 300-500 million new infections and 1-3 million deaths result from malaria worldwide [3] . Malaria infects more than 500 million humans each year, killing approximately 1.2-2.7 million per year. According to the latest estimates, there were about 198 million cases of malaria in 2013 and an estimated 584,000 deaths. In Africa, most deaths occur among children living where a child dies every minute from malaria, although mortality rates among children have been reduced by an estimated 58% since 2000 [1, 4, 5] . About 90% of all malaria cases occur in Africa, as does approximately 90% of the world's malaria-related deaths [6, 7] . In India, malaria has been recognized as one of the most important causes of morbidity and mortality, with approximately two to three million new cases arising every year [8] .
Hence, there is an urgent need to manage mosquito vectors population in order to reduce vector-borne diseases by appropriate control methods [9] . However, malaria prevention and control is facing a number of crucial challenges, including the emergence of artemisinin and chloroquine resistance in Plasmodium parasites [1] , as well as the presence of mosquito strains resistant to microbial pesticides [10] [11] [12] .
In recent years, nano-sized and polymeric composites achieved growing importance due to their unique properties such as small size and large surface area, which are not available in bulk materials [13, 14] . Nanoparticles have drawn the attention of researchers because of their extensive applications in areas such as mechanics, optics, biomedical sciences, electronics, drug-gene delivery, catalysis, photo-electrochemical applications, and non-linear optical devices [15] [16] [17] .
Copper is one of the most widely used materials in the world. It has a great significance in all industries, particularly in the electrical sector, due to its low cost. Copper nanoparticles have wide applications as heat transfer systems, antimicrobial materials, super strong materials, sensors and catalysts. Copper nanoparticles are very reactive because of their high surface, volume ratio and can easily interact with other particles [18] increasing their antimicrobial activities. Notably, colloidal copper has been used as an antimicrobial agent for decades. Cu nanoparticles have attracted much attention of researchers due to its application in wound dressings and biocidal properties [19, 20] , in potential industrial uses such as gas sensors, catalytic processes, high temperature superconductors and solar cells [21] [22] [23] .
Copper nanoparticles have been synthesized and characterized by different methods. So far, Cu nanoparticles have been synthesized by vapor deposition [24] , electrochemical reduction [25] , thermal decomposition [26] , chemical reduction of copper metal salt [27] and room temperature synthesis using hydrazine hydrate and starch [28] . Stability and reactivity are the two important factors that impede the use and development of metal cluster in a new generation of nano-electronic device [29] . In the present study, the toxicity of flower-like copper sulfide (CuS) nanocrystals has been investigated on the malaria vector Anopheles stephensi and Plasmodium parasites, relying to both in vitro and in vivo assays. The characterization of the synthesized CuS nanocrystals was carried out using Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD) analysis, field emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM), and energy dispersive spectroscopy (EDS).
Materials and Methods

Synthesis of Hierarchical Structured CuS Nanoflowers
Hierarchical structured copper sulfide (CuS) nanocrystals were synthesized using a simple hydrothermal process with Cu(NO 3 ) 2 Á3H 2 O and CH 4 N 2 S as Cu and S sources. Stoichiometric amounts of Cu(NO 3 ) 2 Á3H 2 O (1 mol), CH 4 N 2 S (2.5 mol) and acetyl trimethylammonium bromide (CTAB) (0.25 mol) were dissolved in 50 mL of double-distilled water. The reaction mixture was homogeneously stirred under magnetic agitation for 1 h then transferred into a 150 mL Teflon-lined stainless steel autoclave. The autoclave was sealed tightly and hydrothermal reaction was carried out for 12 h. The autoclave was cooled down to room temperature naturally, and the precipitate was obtained after filtration and several washings. The obtained black precipitate was dried at 60°C overnight. A flow chart summarizing the synthetic scheme for the CuS microflower synthesis is shown in Fig. 1 .
Characterization of Nanoflowers
The structure and phase purity of the synthesized materials were analyzed by XRD with a X-ray diffractometer (Rigaku, Mini Flex II, Japan) using Cu Ka radiation with k = 0.15406 nm at a scan rate of 5°/min. The surface morphology and elemental composition of CuS were analyzed by using a 10-kV ultrahigh-resolution SEM and energy dispersive spectroscopy (EDS-Bruker, model 5010). 25 lL of sample was sputter-coated on a copper stub and the morphology of nanoparticles was investigated using FEI QUANTA-200 SEM. Nanoparticle surface groups were qualitatively confirmed by FTIR spectroscopy with spectra recorded by a PerkinElmer Spectrum 2000 FTIR spectrophotometer. TEM was performed using highresolution transmission electron microscopy (HR-TEM) with a JEOL (JEM-1011, Japan).
Mosquito Rearing
Eggs of A. stephensi were collected from water reservoirs in Coimbatore (Tamil Nadu, India) using an ''O''-type brush. Batches of 100-110 eggs were transferred to 18 cm 9 13 cm 9 4 cm enamel trays containing 500 mL of water, where the eggs were allowed to hatch in laboratory conditions (27 ± 2°C and 75-85% RH; 14:10 (L/D) photoperiod). A. stephensi larvae were fed daily with 5 g of ground dog biscuits (Pedigree, USA) and hydrolyzed yeast (Sigma-Aldrich, Germany) in a 3:1 ratio. Newly emerged larvae, pupae, and adults were collected and used in the experiments [30] .
Toxicity on A. stephensi Vectors
The mosquitocidal activity of CuS on A. stephensi was assessed as described by Dinesh et al. [30] . 25 A. stephensi larvae (I, II, III or IV instar) and pupae were placed in 500-mL beakers and exposed for 24 h to dosages of 10, 20, 30, 40 and 50 ppm of CuS nanoflowers. 0.5 mg larval food was provided for each test concentration. For each experiment, three replicates were carried out, along with negative controls. Percentage mortality was calculated as follows:
Mortality % ð Þ¼ number of dead individuals/number of treated individuals ð Þ Â 100
In Vitro Cultivation of P. falciparum CQ-sensitive strain 3D7 and CQ-resistant strain INDO of P. falciparum were used at in vitro blood stage culture to test the anti-malarial efficacy of CuS nanocrystals. The culture was maintained at G. Kuppusamy Naidu Memorial Hospital (Coimbatore, India). P. falciparum culture was maintained according to the method described by Trager and Jensen [31] , with minor modifications [13] . P. falciparum (3D7) cultures were maintained in fresh O?ve human erythrocytes suspended at 4% hematocrit in RPMI 1640 (Sigma) containing 0.2% sodium bicarbonate, 0.5% albumax, 45 lg/L hypoxanthine and 50 lg/L gentamycin and incubated at 37°C under a gas mixture of 5% O 2 , 5% CO 2 and 90% N 2 . Every day, infected erythrocytes were transferred into a fresh complete medium to propagate the culture. For P. falciparum (INDO strain) in culture medium, albumax was replaced by 10% pooled human serum.
In Vitro Antiplasmodial Activity
The CuS nanocrystals were evaluated for anti-malarial activity against P. falciparum strains 3D7 and INDO. For drug screening, SYBR green I-based fluorescence assay was used following the method by Smilkstein et al. [32] . Sorbitol-synchronized parasites were incubated under normal culture conditions at 2% hematocrit and 1% parasitemia in the absence or presence of increasing concentrations of CuS extracts. CQ was used as positive control. Control stock solutions of CQ were prepared in water (milli-Q grade), the tested nanocomposite were prepared in dimethyl sulfoxide (DMSO). All stocks were diluted with culture medium to achieve the required concentrations (in all cases except CQ), the final solution contained 0.4% DMSO. Then, tested drugs were placed in 96-well flatbottom tissue culture-grade plates.
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After 48 h of incubation, 100 ll of SYBR Green I solution {0.2 lL of X 10000 SYBR Green I (Invitrogen)/mL} in lysis buffer [Tris (20 mM; pH 7.5), EDTA (5 mM), saponin (0.008%; w/v) and Triton X-100 (0.08%; v/v)] was added to each well and mixed gently twice with a multi-channel pipette and incubated in the dark at 37°C for 1 h. Fluorescence was measured with a Victor fluorescence multi-well plate reader (Perkin Elmer) with excitation and emission wavelength bands centered at 485 and 530 nm, respectively. The fluorescence counts were plotted against the drug concentration and the 50% inhibitory concentration (IC 50 ) was determined by an analysis of dose-response curves. Results were validated microscopically by the examination of Giemsa-stained smears of extract-treated parasite cultures [33] .
In Vivo Antimalarial Activity
Following the method by Murugan et al. [13] , for in vivo antimalarial assays of CuS P. berghei, a rodent malaria parasite, was used. The blood stage of the parasite was maintained at the Department of Zoology, Bharathiar University (Coimbatore, India). Donor mouse for the experimental mice, having 0-15% parasitemia, was sacrificed and bled by cardiac puncture. Parasitemia was adjusted downward using physiological saline, and each of the experimental Swiss albino mice (7-week-old, mean weight 32 g) was inoculated intra-peritoneally with approximately 105 parasitized erythrocytes in 0.2 mL Ishih [34] . Infected animals were divided into groups, each group consisting of five animals per cage, and maintained in an animal care facility with commercialized diet and water ad libitum.
For screening of the CuS nanocrystal activity, the 4-day suppressive method by Peters et al. [35] was used. Within 3 h post-inoculation of mice with the parasite (i.e., on day 0), treatment of the experimental groups was initiated by oral administration of the test nanocomposite, dissolved in an aqueous solution of 0.2% dimethyl sulphoxide (v/v) and diluted to a desired final volume with saline, at a maximum dose of 300 mg/kg body weight and treatment was done for 4 days, up to day three post-infection. All the compounds were tested in parallel in five independent repetitions. 24 h after the last treatment (i.e., on day 4 post-infection), parasitemia of each mouse was determined by microscopic examination of Giemsa stained thin blood smears prepared from mouse tail blood. In vivo antimalarial activity of the test drugs was as we used by monitoring mouse survival and parasitemia for over a 30-day period [13] . Percentage suppression of parasitemia for the CuS nanocomposite was calculated using the formula by Gessler et al. [36] .
Data Analysis
SPSS software package 16.0 version was used for all analyses. Data mosquitocidal experiments were analyzed by probit analysis, calculating LC 50 values, [37] . In antiplasmodial assays, values were expressed as percentage growth inhibition. The concentration causing 50% inhibition of parasite growth (IC 50 ) was calculated from the drug concentration-response curves. In vivo antiplasmodial data were analyzed using ANOVA followed by Tukey's HSD test (P = 0.05).
Results and Discussion
Biophysical Characterization of Flower-Like CuS Nanocrystals
The XRD pattern of synthesized CuS nanocrystals is presented in Fig. 2 . The diffraction peaks of the synthesized flower-like CuS nanocrystals exhibited peaks at 2h = 27.6°, 29.3°, 31.6°, 32.8°, 47.8°, 52.6°and 59.3°which are in consistent with the (101), (102), (103), (006), (110), (108) and (116) diffraction planes of hexagonal phase of CuS (JCPDS No. 06-0464). The observed diffraction planes are also well indexed according to a previous report [38] . The estimated grain size of the synthesized CuS nanocrystals by using Scherrer's equation from (110) plane was 48 nm. The calculated grain size was defined as the diameter of the core of the CuS microflower and it did not include the thickness of surface-capping agents. The surface morphology of the CuS sample was observed by FE-SEM (Fig. 3a) . FE-SEM size of CuS was found to be bigger than the estimated grain size, which might be due to larger surface area of the smaller grains that can form agglomerates [39] . Similarly, Rajesh [40] observed the average particle size of the Cu nanoparticles was around 20 nm [41] . EDS analyzed the elemental composition of flower-like CuS nanocrystals and its corresponding EDS spectrum is displayed in Fig. 3b . The EDS spectrum exhibited that CuS was composed of Cu and S atoms only and no other impurity peaks were found, confirming the purity of synthesized CuS nanocrystals. The atomic ratio of elemental percentage is provided in Fig. 3b .
The FT-IR spectrum of flower-like CuS nanocrystals is shown in Fig. 4 . The characteristic absorption peak at 605 cm -1 could be assigned to the Cu-S stretching mode. The frequency at 1088 cm -1 can be assigned to H-O-H of absorbed water molecules in sulfide sample [39] . The peak at 1471 and 1613 cm -1 may be linked to the stretching and asymmetric vibration mode of CH 3 -N ? band of CTAB in the sample. The observed broad peak at 3138 cm -1 can be attributed to the stretching frequency of O-H group. Therefore, the FT-IR result confirms the abundance of CuS in the sample. The shifting in wave numbers was due to the C=C stretching and that shows the co-ordination with copper nanoparticles [42, 43] .
Furthermore, the morphology and size of the synthesized flower-like CuS nanocrystals was explored by HR-TEM (Fig. 5) . HR-TEM images showed the flower-like morphology of CuS sample with some agglomeration. It was noted an average particle size of about 50 nm. The exhibited particle size from HR-TEM analysis of CuS (*50 nm) is well agreed with the grain size (*48 nm) estimated from (110) diffraction plane of XRD interpretation using Scherer's equation.
Toxicity on A. stephensi Vectors
In the present study, mosquito larvae were exposed to varying concentrations of synthesized flower-like CuS nanocrystals for 24 h. LC 50 were 23.374 ppm (I instar), 24.846 ppm (II instar), 27.892 ppm (III instar), 36.339 ppm (IV instar), and 48.789 ppm (pupae) ( Table 1 ). The control (distilled water) showed no mortality. The efficient synthesis of stable mosquitocidal nanocomposites is important, since the instability or aggregation of nanoparticles would lead to a decrease in their biological activity [44] . As regard to the potential as pesticide of Cu nanoformulates it has been recently showed that Cu nanoparticles showed toxic activity on arthropods [45] , including larvae of Anopheles subpictus (LC 50 = 23.47 mg/L), larvae of Culex quinquefasciatus (LC 50 = 15.24 mg/L), and R. microplus (LC 50 = 14.14 mg/L) [46] . Also, synthesized zinc oxide nanoparticles showed effective toxicity on R. microplus (13.41 mg/L), Pediculus humanus capitis (11.80 mg/L), and the larvae of A. subpictus (3.19 mg/L) and C. quinquefasciatus (4.87 mg/L), [47] . 
Antiplasmodial Activity
In vitro antiplasmodial assays of synthesized CuS showed higher activity against P. falciparum if compared to CQ. CuS IC 50 , values were 83.44 lg/mL (CQ-s) and 87.15 lg/mL (CQ-r), while IC 50 values of CQ were found to be 90 lg/mL (CQ-s) and 95 lg/mL (CQ-r) (Fig. 6 ). Both marine and terrestrial plants are important reservoirs of antiplasmodial compounds [48] [49] [50] . For example, Ouattara et al. [51] showed the in vitro antiplasmodial activity on P. falciparum (strain K1, resistant to chloroquine, pyrimethamine, and proguanil) of several medicinal plants (i.e. Acacia kirkii, Combretum collinum, Combretum fragrans, Gardenia ternifolia, Lophira lanceolata, Pavetta crassipes, Terminalia avicennioides and Zanthoxylum zanthoxyloides) collected in Burkina Faso. Our results substantiate recent evidences about the effective antiplasmodial activity of metal nanoparticles on CQ-r P. Fig. 7 An overall schematic view of the efficacy showed by flower-like copper sulfide nanocrystals synthesized in this study. Nano-characterization features are summarized on the left. On the right, the two green arrows outlined the effectiveness of the nano-formulation against the malaria vector A. stephensi and the growth inhibitory activity on a P. falciparum strain resistant to the commoly unsed antimalarial drug chloroquine. However, the red arrow pointed out that, despite the interesting findings reported above, the in vivo antiplasmodial activity of the nanocrystals on P. berghei infecting mice is scarce (Color figure online)
Flower-Like Copper Sulfide Nanocrystals are Highly… 591 falciparum. For instance, Jaganathan et al. [52] showed that the earthwormsynthesized Ag nanocrystals were toxic against CQ-r and CQ-s strains of P. falciparum. IC 50 earthworm-synthesized silver nanoparticles were 49.3 lg/mL (CQs) and 55.5 lg/mL (CQ-r). However, in vivo efficacy of CuS nanocrystals on P. berghei-infected red blood cells was scarce. The untreated control showed progressively increasing parasitemia. Peter's 4-day chemo-suppressive activity test conducted with CuS produced a dose-dependent chemosuppression (Table 2) . However, after 4 days of treatment with CuS, the mean chemosuppression of the test groups ranged from 6.4 to 27.2% for CuS nanocrystals, while 5 mg/kg/day of chloroquine led to 100% chemosuppression (Table 2 ) (see also [13] ).
Conclusions
Overall, in the present study hierarchical structured CuS nanoflowers were synthesized using a cheap, simple and relatively fast procedure. This research highlighted that synthesized CuS nanoflowers are easy to produce, stable over time, and can be employed at low dosages to strongly reduce populations of the malaria vector Anopheles stephensi. Considering the growing threat of CQ-resistant P. falciparum strains, the synthesized CuS nanoflowers may be considered as alternative sources of drugs for treating and controlling the growth of P. falciparum. Further research is needed to understand the reasons at the basis of its poor in vivo efficacy on P. berghei infecting albino mice (Fig. 7) .
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